Introduction {#S0001}
============

Colorectal cancer (CRC) is one of the most frequent malignancies of the digestive system.[@CIT0001] Although great improvements have been made in the diagnosis and treatment of CRC, the mortality rate caused by CRC is still rather high, ranking third in terms of incidence but second in terms of mortality.[@CIT0001],[@CIT0002] The main cause of mortality is recurrence and metastasis of the tumor, even after a successful surgical resection and postoperative therapy. Some 60% of patients suffer from metastasis during the course of CRC.[@CIT0003],[@CIT0004] Consequently, it is necessary to fully understand the mechanism of metastasis or develop an effective biomarker for early diagnosis.

Changes in glycosylation are reported to be associated with oncogenic transformation. Tumor cells display a wide range of glycosylation alterations compared with their non-transformed counterparts.[@CIT0005] Among these, sialylation is an important modification in cellular glycosylation, as sialylated carbohydrates have essential roles in cellular recognition, adhesion, and signaling.[@CIT0005] The aberrant level of sialylation mainly results from the altered expression of sialyltransferases.[@CIT0006] Recently, β-galactoside α2,6-sialyltranferase 1 (ST6GAL1), which adds α2,6-linked sialic acids on N-glycans, has gained much attention due to the observation of elevated expression of ST6GAL1 in various carcinomas like colorectal, cervical, and hepatocellular carcinomas.[@CIT0007]--[@CIT0010] This dysregulated expression of ST6GAL1 in tumor may elicit multiple physiological and pathological outcomes.[@CIT0011] For examples, ST6GAL1 could promote cell motility by activating the PI3K/AKT signaling pathway,[@CIT0007],[@CIT0012] and it could directly facilitate metastatic tumor growth by catalyzing a significant increase of sialylated carbohydrate.[@CIT0013] Furthermore, knockdown of ST6GAL1 significantly inhibits the cell metastasis in diverse carcinomas,[@CIT0014]--[@CIT0016] as forced expression of ST6Gal-I in human mammary tumor cells and ovarian carcinoma cells leads to reduced cell--cell adhesion and enhanced capacity for invasion.[@CIT0015],[@CIT0017] The upregulation of ST6GAL1 was first described in colon cancer,[@CIT0010] but the comprehensive mechanism of how ST6GAL1 affects tumor cells remains to be clarified.

In the previous study, our group revealed a dynamic expression of ST6GAL1 with the progression of CRC: a significant decrease in stage III/IV compared with stage I/II tumors.Lymphatic and distant metastasis are recognized as a key feature of stage III/IV tumors. The mass spectrometry (MS) analysis screened out over 300 glycoproteins as changed proteins after overexpression of ST6GAL1, most of which are cellular movement-related proteins, including intercellular adhesion molecule-1 (ICAM-1).[@CIT0018] ICAM-1 is a structurally related transmembrane glycoprotein of the immunoglobulin supergene family and is the ligand for β2-integrin molecules present on leukocytes.[@CIT0019],[@CIT0020] Generally, ICAM-1 appears to play a critical role in the development of the nervous system, in immune and inflammatory responses.[@CIT0021] A recent study suggests that ICAM-1 can act as a tumor suppressor that sensitizes metastatic tumor cells to cytotoxic T lymphocyte-mediated killing by interfering with activation of the PI3K/AKT pathway.[@CIT0022] It has also been proposed that ICAM-1 may be involved in the process of cancer metastases by promoting the spread of metastatic cancer cells to secondary sites.[@CIT0023]--[@CIT0026] Apart from the ICAM-1 expressed on CRC cells, there exists a soluble form of ICAM-1 (sICAM-1) in serum, which is also reported to be connected with CRC progression.[@CIT0027] There are also studies that recommend sICAM-1 as a biomarker for CRC.[@CIT0028],[@CIT0029]

Our study revealed that the expression of ICAM-1 in CRC tissues had the same pattern as ST6GAL1 and was relevant to patients' relapse-free survival. By overexpressing ST6GAL1 in the SW480 cell line and knocking it down in the SW620 cell line, a corresponding change of ICAM-1 yet a reverse metastatic phenotype were observed. And further studies confirmed that ST6GAL1 could inhibit CRC metastasis by stabilizing ICAM-1 through sialylation, both in vitro and in vivo. Moreover, our results also revealed a novel correspondence between the sialylation on sICAM-1 in serum and CRC staging.

Materials and methods {#S0002}
=====================

Tissue specimen and blood sample {#S0002-S2001}
--------------------------------

From May 2009 to June 2012, a total of 62 patients were recruited from Ruijin hospital (Shanghai, China) with pathological stage ranging from stage I (n=19), II (n=20), III (n=17), to IV (n=6). All participants gave written, informed consent and no participants had received any medication prior to sample collection under the guidelines of the Ethics Committee of Ruijin Hospital. The pathological stage was determined according to the criteria of the Union for International Cancer Control (UICC). The tumor tissues and paired normal colonic tissues located \~10 cm from the distal edge of the tumor were stored in liquid nitrogen for further analysis. The protein extraction, the standard for follow-up, and the inclusion and exclusion criteria of patients were performed as described elsewhere.[@CIT0030] For blood sample, peripheral venous blood samples were collected preoperatively and then drawn into sterile tubes. Serum samples were allowed to coagulate at room temperature for 30 min, and then centrifuged at 2000 *g* for 10 min. The serum was separated, aliquoted and stored at −80 °C until assay. The patients were followed up for 90 months or until death. The time of death and recurrence of tumor were recorded under the approval of Ethics Committee of Ruijin Hospital.

Cell lines and cell culture {#S0002-S2002}
---------------------------

The HEK293T and SW620, SW480 cell lines were purchased from ATCC (Manassas, VA, USA). The HEK293T cells were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM) with 10% FBS at 37 °C; SW480 and SW620 cells were maintained in Leibovitz's L15 medium (HyClone, Logan, UT, USA) with 10% FBS under a humidified atmosphere at 37 °C without CO~2.~

Establishment of ST6GAL1 overexpression and knockdown cell lines {#S0002-S2003}
----------------------------------------------------------------

The cDNAs of human ST6GAL1 (kindly provided by Dr. H. Narimatsu from the National Institute of Advanced Industrial Science and Technology, Japan) were inserted into pENTR1A tagged with 3xFLAG at the C-terminus using the in-fusion method (Takara Bio). The inserted sequence in entry vectors was confirmed by DNA sequencing. The CSII-CMV-RfA lentiviral vector was gifted from RIKEN BRC DNA BANK. Using LR clonase (Invitrogen, Carlsbad, CA, USA), the subcloned cDNAs in entry vectors were transferred into the CSII-CMV-RfA for ST6GAL1 overexpression. The obtained lentiviral vectors were transfected into 293T cells with packaging plasmids by the calcium phosphate for the preparation of viruses. The obtained viruses were then incubated with SW480 cell lines for 72 h. The infected cells were selected by SNA lectin using FACS Aria II (BD Bioscience, Bedford, MA, USA).

To establish the ST6GAL1-knockdown cells, the shRNA sequences specifically targeting ST6GAL1 (5ʹ AATTCAAAAACCCAGAAGAGATTCAGCCAAATCTGACAGGAAGTTTGGCTGAATCTCT-3ʹ (sh1) and 5ʹ- AATTCAAAAACGTGTGCTACTACTACCAGTCTGACAGGAAGCTGGTAGTAGTAGCACACGG-3ʹ (sh2) were inserted into the pmiRZip vector. The plasmids were transfected into HEK293T cells using a Lipofectamine 2000 transfection reagent; 48--72 h later, the culture medium was collected, filtered and then used to infect SW620 cells. ST6GAL1 knockdown cells were obtained by antibiotic selection (puromycin 6 ug/mL).

Data acquisition and processing {#S0002-S2004}
-------------------------------

Clinical and transcriptomic data of colon adenocarcinoma (COAD) and rectal carcinoma (READ) were collected from the GDC data portal of TCGA database. In order to identify significantly enriched pathways regarding ST6GAL1, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis was performed by utilizing cluster-Profiler R package. Corrplot R package was used for correlation analysis of ST6GAL1 and ICAM-1 and adjustment of relative clinical and demographic parameters, and the results were shown with ggstatsplot R package. *p*-value was determined by Pearson test.

Immunoblot {#S0002-S2005}
----------

Cells were washed with PBS and then lysed with lysis buffer (10 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl) containing protease and phosphatase inhibitor cocktail (Roche, Indianapolis, IN, USA). Insoluble materials were removed by centrifugation at 15,000 *g* for 15 min at 4 °C. The concentration of the collected protein was measured by BCA assay (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of protein were separated using 10% SDS-PAGE, transferred to nitrocellulose membrane, blocked with 5% non-fat milk at room temperature for 1 h, and immunoblotted with primary antibodies: polyclonal antibody against ST6GAL1 (R&D, Minneapolis, MN, USA), polyclonal antibodies against ICAM-1 and anti-GAPDH antibody (Proteintech, Rosemont, IL, USA). Immunoreactive bands were visualized using an ECL kit (Amersham Biosciences, Piscataway, NJ, USA). All experiments were repeated three times independently.

Lectin precipitation {#S0002-S2006}
--------------------

For lectin precipitation of cell lysate, the cell lysates (1 mg of protein) were incubated overnight at 4 °C with rotation using 30 μL SNA agarose beads (Vector, Burlingame, CA, USA), which specifically recognizes α2,6 sialylation. After washing three times with PBS, the lectin precipitates were subjected to 10% SDS-PAGE, and the separated proteins were transferred to a nitrocellulose membrane. The membrane was incubated with anti-ICAM-1 antibody for immunoblot analysis. For lectin precipitation of serum, 10 μL of serum from each patient was diluted with 990 μL diluent (PBS and 10% SDS). The mixture was first added with 30 μL Protein G agarose beads (Roche Diagnostics, Mannheim, Germany) at 4 °C for 1 h with rotation to remove the proteins of high abundance. Then the supernatants were mixed with 30 μL SNA agarose beads overnight at 4 °C with rotation. After washing three times with PBS, the precipitated glycoproteins were subjected to 10% SDS-PAGE, and transferred to a nitrocellulose membrane. The membrane was blocked with 5% non-fat milk at room temperature for 1 h, and then incubated with anti-ICAM-1 antibody for immunoblot analysis. Immunoreactive bands were visualized by chemiluminescence. The total intensities of the bands were semi-quantified using Quantity One software (Bio-Rad, Hercules, CA, USA) and normalized to the intensity of GAPDH band as the internal control.

Immunohistochemical staining {#S0002-S2007}
----------------------------

The tumor and paired normal tissue sections (4 μm) were deparaffinized and dehydrated, and then treated with 3% H~2~O~2~ at room temperature for 10 min to block endogenous peroxidase activity. Next, the tissue sections were incubated with citrate buffer for the retrieval of the antigen. Then the tissues were blocked with 3% BSA at room temperature for 30 min, followed by incubating with anti-ST6GAL1 antibody and anti-ICAM-1 antibody (1: 100) at 4 °C overnight. Finally, the tissue slides were counterstained with hematoxylin and eosin (H&E).

Quantitative real-time PCR analysis {#S0002-S2008}
-----------------------------------

Total RNA was extracted from cells by Iso-RNA lysate reagent (Takara, Shiga, Japan). cDNA was obtained from the reverse-transcription of 1 ug total RNA after treated with a PrimeScript RT reagent Kit to erase gDNA (Takara). The sequences of primers for qPCR were: ST6GAL1 (5ʹ- AAAAGTTCAGCTGCTGCGTC-3ʹand 5ʹ- TGGCCAATTTCCCCAGACTC-3ʹ), ICAM-1 (5ʹ- GAGCACTCAAGGGGAGGTC-3ʹand 5ʹ- GGCTGCTACCACAGTGATGA-3ʹ) and GAPDH (5ʹ-TTCAACAGCAACTCCCACTCTT-3ʹand 5ʹ-TGGTCCAGGGTTTCTTACTCC-3ʹ). All experiments were repeated three times independently.

Lectin binding and flow cytometry analysis {#S0002-S2009}
------------------------------------------

SW480 and SW620 cells were grown to \~90% confluency and detached using trypsin at 37 °C, and washed three times with cold PBS. Then, cells were incubated with 10 μg/mL SNA-biotin (EY Laboratories, San Mateo, CA, USA) for 60 min on ice, followed by strepavidin-680 incubation for 60 min. Finally, cells were washed three times with PBS and detected by flow cytometry (BD Biosciences, San Jose, CA, USA). Data were analyzed with FlowJo 7.6 software. All experiments were repeated three times independently.

Wound healing and cell migration assay {#S0002-S2010}
--------------------------------------

For wound healing assay, the SW480 and SW620 cells were seeded into 12-well plates until the cells reached \>95% confluence, and then wounded with pipette tips. The floating cells were removed using fresh medium and cultured at 37 °C without CO~2~ addition. The wound closing was photographed every 8 h. The cell migration assays were performed using 8-μm transwell chambers (Corning, New York, USA) with 24-well plates. The migration assays were conducted using transwell chambers precoated with 1% collagen I, 2×10^5^ of SW620 cells and SW480 cells were suspended in 500 μL serum-free medium and seeded into the upper chamber; and medium with 10% FBS was added into the lower chamber. After incubation for 24 h, cells were fixed with 4% paraformaldehyde at room temperature for 30 min, and then stained with 0.1% crystal violet at 37 °C for 1 h. The stained cells were counted in three fields with random choice. All experiments were repeated three times independently.

Determination of ICAM-1 stability {#S0002-S2011}
---------------------------------

SW480 and SW620 cells were treated with 100 μg/mL cycloheximide (CHX) (Sigma, St. Louis, MO, USA). Cells were harvested at the indicated time points and the whole lysates were subjected to SDS-PAGE and blotted with anti-ICAM-1 or anti-GAPDH antibodies.

Animal studies {#S0002-S2012}
--------------

For intrasplenic injections to examine the liver metastasis, the spleen was exteriorized via an abdominal midline incision after the application of general anesthesia, and 1×10^6^ of SW620 cells were injected slowly into the spleen through a 30G needle. After 8 weeks, mice were sacrificed and livers were harvested, fixed over-ight in 10% buffered formalin, embedded in paraffin, and sectioned for H&E and IHC.

Statistical analysis {#S0002-S2013}
--------------------

Statistical analyses were performed using either a Student's *t*-test or one-way analysis of variance (ANOVA), using GraphPad Prism6.

Results {#S0003}
=======

ST6GAL1 suppressed tumor metastasis of CRC in vitro and in vivo {#S0003-S2001}
---------------------------------------------------------------

To investigate the potential effect of ST6GAL1 on CRC metastasis in vivo and in vitro, two CRC cell lines, SW480 and SW620, were chosen for further experiments. As immunoblot assay showed a relative higher level of ST6GAL1 in SW620 cells ([Figure 1A](#F0001){ref-type="fig"}), we decided to generate ST6GAL1-OE SW480 cells and ST6GAL1-KD SW620 cells. The effects of overexpression and knockdown of ST6GAL1 was confirmed by immunoblot ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}) and flow cytometry analysis ([Figure 1D](#F0001){ref-type="fig"} and [E](#F0001){ref-type="fig"}). To determine whether ST6GAL1 had an impact on CRC metastasis, wound healing and transwell assays were conducted and the results showed that overexpression of ST6GAL1 in SW480 cells inhibited the cell migratory ability while knockdown of ST6GAL1 in SW620 cells significantly facilitated cell migration ([Figure 1F](#F0001){ref-type="fig"}--[I](#F0001){ref-type="fig"}). Next, to verify the in vitro observations, we generated a liver metastasis model in nude mice by performing intrasplenic transplantations of ST6GAL1-NC and ST6GAL1-KD cells, respectively. At necropsy, more liver metastases were found in mice transplanted with ST6GAL1-KD cells ([Figure 1J](#F0001){ref-type="fig"}). This was further confirmed by HE staining and IHC of tissue sections ([Figure 1K](#F0001){ref-type="fig"}). In addition, patients with a high expression of ST6GAL1 had a significantly better relapse-free survival (RFS) than those with low expression of ST6GAL1 ([Figure S1A](#SF0001)). Collectively, these results suggested that ST6GAL1 suppressed invasion of CRC both in vitro and in vivo and may represent a prognostic factor.Figure 1ST6GAL1 suppressed tumor metastasis of CRC in vitro and in vivo. (**A**) Immunoblot analysis of ST6GAL1 in SW480 and SW620 cells; (**B** and **C**) The effects of overexpression and knockdown of ST6GAL1 by immunoblots; (**D** and **E**) The effects of overexpression and knockdown of ST6GAL1 by FACS; (**F** and **G**) Wound healing assay of ST6GAL1-OE cells and ST6GAL1-KD cells; (**H** and **I**) Transwell assay of ST6GAL1-OE cells and ST6GAL1-KD cells; (**J**) Representative images of the tumors in livers and the numbers of surface tumor nodules; (**K**) The expression of ST6GAL1 in tumor sections was assessed by IHC. Images of IHC were captured from three randomly selected fields using a phase-contrast microscope. Arrows indicate liver metastasis. The data were obtained from three independent experiments and presented as mean ± SD; \*\**P*\<0.01 by paired *t*-test or Mann--Whitney U test.**Abbreviation:** CRC, colorectal cancer.

The potential substrate of ST6GAL1 {#S0003-S2002}
----------------------------------

Our findings implied the connection of ST6GAL1 and CRC metastasis, but the molecular mechanism involved remained unknown. In our previous study,[@CIT0018] the MS analysis screened out a total of 318 glycoproteins that were affected after the overexpression of ST6GAL1 in SW480. To evaluate the role of ST6GAL1 in CRC metastasis, GO analysis was administered to explore the function of these proteins. [Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"} showed the top 20 perturbed functions upon the overexpression of ST6GAL1 in terms of cellular component, biological process, and molecular function, respectively. As is shown, most of the perturbed functions were related to cellular movement. Moreover, the KEGG pathway analysis ([Figure 2D](#F0002){ref-type="fig"}) indicated that ST6GAL1 had a potential interaction with cell adhesion molecules (CAMs).Figure 2The potential substrate of ST6GAL1. (**A**--**C**) GO analysis of perturbed functions upon the overexpression of ST6GAL1 in terms of cellular component (CC), biological process (BP), and molecular function (MF), respectively; (**D**) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated that ST6GAL1 is associated with cell adhesion molecules.

Stage-dependent expression of ICAM-1 in CRC progression {#S0003-S2003}
-------------------------------------------------------

To experimentally confirm these observed changes, we chose ICAM-1, which showed great difference in the extent of the change (Supplementary Figure 1B) to investigate the mechanistic relation between ST6GAL1 and CRC. We first examined the expression of ICAM-1 with Western blot assay in 62 CRC specimens ranging from stage I to stage IV as well as the paired normal tissues. The results showed that the expression of ICAM-1 was significantly higher in tumor tissues than in normal tissues ([Figure 3A](#F0003){ref-type="fig"}). Moreover, in subgroup analysis, ICAM-1 showed a declining trend from stage I and II CRC patients to stage III and IV cases, which suggested an important role of ICAM-1 in CRC metastasis ([Figure 3B](#F0003){ref-type="fig"}). These results were then validated by tissue microarrays of 71 paired CRC tissues ([Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}). Moreover, among 62 enrolled patients, those with high expression of ICAM-1 had a better prognosis ([Figure 3F](#F0003){ref-type="fig"} and [G](#F0003){ref-type="fig"}) in terms of RFS. These results indicated that ICAM-1 is a potent metastasis suppressor of CRC. To verify our hypothesis that ST6GAL1 may exert the function of suppressing CRC metastasis via modulation ICAM-1, the correlation analysis of these two genes were performed with the transcriptome profiling data extracted from the TCGA database. Consistently, the results suggested ICAM-1 was positively correlated with ST6GAL1 ([Figure 3](#F0003){ref-type="fig"}G), which suggested that ST6GAL1 could mediate the expression of ICAM-1.Figure 3Stage-dependent expression of ICAM-1 in CRC progression. (**A**) Representative images of the immunoblot for ICAM-1 in primary colorectal tumors at different stages. For the rest of our immunoblot images, please refer to [Figure S2](#F0002){ref-type="fig"}; (**B**) ICAM-1 bands detected from the immunoblot were quantified by densitometric scanning and protein intensity values were normalized by GAPDH. The normalized ICAM-1 intensity in tumors was compared with that in its pair-matched normal tissues; (**C**) Correlation analysis of ST6GAL1 and ICAM-1 from the TCGA database suggested ICAM-1 was positively correlated with ST6GAL1; (**D** and **E**) Representative images of ICAM-1 expression in different stage of CRC tissue microarrays and the statistical analysis of the histochemistry score of the CRC tissue microarrays; (**F** and **G**) 3-year and 5-year relapse-free survival (RFS) of ICAM-1 high and low expression group. The cut-off value of ICAM-1 expression (Ratio~tumor/normal~ =1.58) was based on Youden's index from the ROC curve. \**P*\<0.05 by paired *t*-test or Mann--Whitney U test).**Abbreviations:** CRC, colorectal cancer; ICAM-1,intercellular adhesion molecule-1.

ST6GAL1 upregulated ICAM-1 by enhancing its stability {#S0003-S2004}
-----------------------------------------------------

To confirm the relation between ST6GAL1 and ICAM-1 in CRC, we performed PCR and Western blot assay to determine the modulation of ST6GAL1 to ICAM-1. As expected, overexpression of ST6GAL1 leaded to an increased level of ICAM-1 while knockdown of ST6GAL1 resulted in the opposite ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}.). However, negligible changes were observed in PCR ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). These results indicated that ST6GAL1 might regulate ICAM-1 in a post-transcriptional way. Given the accumulating evidence for the role of glycosylation in protein stability,[@CIT0031],[@CIT0032] we first checked the sialylation pattern of ICAM-1 through immunoprecipitation. The results revealed that overexpression of ST6GAL1 clearly increased the sialylation on ICAM-1, while knockdown of it led to the opposite ([Figure 4E](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}). Then we used CHX to explore the stability of ICAM-1 after ST6GAL1 was overexpressed or knocked down. CHX could interact directly with the translocase enzyme, interfering with the translocation step, and thus interfere the synthesis of proteins in eukaryotes. Protein was extracted at the indicated time after the addition of CHX and then analyzed by immunoblot. ICAM-1 was still detectable in ST6GAL1-OE cells after 24 h of CHX addition, but hardly detectable in ST6GAL1-mock cells ([Figure 4G](#F0004){ref-type="fig"} and [H](#F0004){ref-type="fig"}). In contrast, in ST6GAL1-KD cells, ICAM-1 showed a significant decrease after 8 h treatment of CHX but little change of ICAM-1 was observed in ST6GAL1-NC cells ([Figure 4I](#F0004){ref-type="fig"} and [J](#F0004){ref-type="fig"}). These results indicated that ST6GAL-1 significantly prolonged the half-life of ICAM-1, probably through inducing sialylation of ICAM-1 protein.Figure 4ST6GAL1 upregulated ICAM-1 by enhancing its stability. (**A** and **B**) Immunoblot analysis of ICAM-1 in ST6GAL1-OE cells and ST6GAL1-KD cells; (**C** and **D**) PCR analysis of ICAM-1 in ST6GAL1-OE cells and ST6GAL1-KD; (**E** and **F**) The sialylation pattern of ICAM-1 in ST6GAL1-OE and ST6GAL1-KD was investigated by immunoprecipitation; (**G** and **I**) The change of stability in ST6GAL1-OE cells and ST6GAL1-KD cells by treatment with 100 μg/mL cycloheximide (CHX) at various times. (**H** and **J**) The relative expression of ICAM-1 was normalized by GAPDH and the dash lines represented the remaining amount of ICAM-1 at indicated times in different cells. n.s: no significance,\*\**P* \< 0.01 by paired *t*-test or Mann--Whitney U test.**Abbreviation:** ICAM-1, intercellular adhesion molecule-1.

Sialylation of soluble ICAM-1 in serum correlates with CRC staging {#S0003-S2005}
------------------------------------------------------------------

A number of studies have reported that protein level of soluble ICAM-1 in serum was associated with progress and metastasis of CRC[@CIT0033]--[@CIT0035] and was recommended as probable biomarker in CRC,[@CIT0028],[@CIT0029],[@CIT0036] whereas sICAM-1 had limited application owing to the relative low specificity, precluding its use for screening strategies and diagnostic potential.[@CIT0037] Furthermore, most of the typical clinically utilized serological biomarkers for cancer diagnosis and monitoring of malignant progression, as well as prognostic biomarkers of disease recurrence, are glycoproteins.[@CIT0038] To investigate the potential clinical value of ICAM-1, we examined the sialylation on sICAM-1 in different stages of CRC with lectin precipitation. The lectin precipitation confirmed the existence of sialyation ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}) and the statistical analysis showed the sialylation on sICAM-1 in stage I/II is significantly higher than those in stage III/IV ([Figure 5C](#F0005){ref-type="fig"}) though the protein level revealed an elevation ([Figure 5B](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}).Figure 5Sialylation of soluble ICAM-1 (sICAM-1) in serum correlates with colorectal cancer staging. (**A** and **B**) The sialylation pattern of sICAM-1 in serum was investigated by lectin precipitation and its protein level in serum was analyzed by immunoblot; (**C** and **D**)The ratio of relative density~(elution/input)~ and the protein level of sICAM-1 were presented as mean ± SD; \**P*\<0.05 by paired *t*-test.**Abbreviation:** ICAM-1, intercellular adhesion molecule-1.

Discussion {#S0004}
==========

Altered expression of ST6GAL1 has been observed in multiple types of carncer, among which, colorectal cancer was first reported.[@CIT0010] Plenty of studies have discovered the connection between the elevated expression of ST6GAL1 and tumor progression.[@CIT0013],[@CIT0016],[@CIT0029] However, there is also evidence that ST6GAL1 negatively correlates with the malignancy in some types of carcinoma, like glioma.[@CIT0016],[@CIT0039],[@CIT0040] Our previous work discovered a dynamic expression of ST6GAL1 in CRC progression, and an apparent decrease in stage III/IV cases compared with stage I/II,[@CIT0018] suggesting that the reduction of ST6GAL1 might be related to the metastasis of CRC. In this study, our results showed that knockdown of ST6GAL1 dramatically enhances the migratory ability in SW620 cells ([Figure 1G](#F0001){ref-type="fig"} and [I](#F0001){ref-type="fig"}) while overexpression of ST6GAL1 has the opposite effect in SW480 cells ([Figure 1F](#F0001){ref-type="fig"} and [H](#F0001){ref-type="fig"}). The experiment in vivo further confirmed our hypothesis that nude mice injected with ST6GAL1-KD cells harvested more liver metastases compared to the control groups ([Figure 1J](#F0001){ref-type="fig"} and [K](#F0001){ref-type="fig"}). In regard to this paradoxical role of ST6GAL1 in cancer, we hypothesized that these discrepancies could be partially due to the different expression of sialylated proteins in distinct cells or types of cancer. For example, some important receptors on the cell membrane like Met and EGFR have been considered as axiomatic in determining tumor malignancy. However, interestingly, ST6GAL1 elicits the opposite effects: knockdown of ST6GAL1 greatly suppresses the stability as well as the phosphorylation level of Met,[@CIT0041] while depletion of ST6GAL1 increases the phosphorylation level of EGFR and augments its downstream signaling.[@CIT0016],[@CIT0039],[@CIT0042]

Besides the discovery of the negative correlation between ST6GAL1 and tumor progression, combined with our former MS analysis,[@CIT0018] we also screened out one specific substrate of ST6GAL1-ICAM-1, a suppressor of metastasis in CRC.[@CIT0023]--[@CIT0026] In our study the immunoblot analysis of CRC tissues of ICAM-1 exhibited similar expression pattern to that of ST6GAL1, a significant decrease in stage III/IV versus I/II ([Figure 3A](#F0003){ref-type="fig"}--[B](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}--[E](#F0003){ref-type="fig"}), and the expression of ICAM-1 was also relevant to patients' relapse-free survival ([Figure 3F](#F0003){ref-type="fig"}--[G](#F0003){ref-type="fig"}), all of which led to the supposition that ST6GAL1 could mediate tumor metastasis by regulating the level of ICAM-1. Therefore, we concluded that ST6GAL1 might inhibit tumor metastasis by upregulating the expression of ICAM-1. ICAM-1 has been implicated in cancer metastasis. Previous reports have investigated the expression of ICAM-1 in lung cancer samples and have reported a correlation between the level of ICAM-1 expression in tumor samples with advanced stages of lung cancer and metastasis.[@CIT0023] In one particular study of CRC, ICAM-1 expression in primary tumors from stage III and IV colon cancer patients was significantly decreased compared with that of primary lesions from stage I and II colon cancer patients, which is consistent with our findings. And by restraining efferocytosis of apoptotic tumor cells, ICAM-1 could block M2 macrophage polarization through regulation of PI3K/AKT activation, which leads to prevention of tumor metastasis.[@CIT0043]

To illustrate the mechanism by which ST6GAL1 regulated the expression of ICAM-1, we first examined *ICAM-1* mRNA but little change was observed either in ST6GAL1-OE cells or in ST6GAL1-KD cells ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). Then immunoprecipitation analysis showed that ICAM-1 had a high level of sialylation after overexpression of ST6GAL1 yet knockdown of ST6GAL1 had a reverse influence on ICAM-1 ([Figure 4E](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}). Moreover, ICAM-1 demonstrated a prolonged half-life after ST6GAL1-induced sialylation ([Figure 4G](#F0004){ref-type="fig"} and [H](#F0004){ref-type="fig"}). Given the increasing evidence for the role of glycosylation in maintaining protein stability,[@CIT0031],[@CIT0032] these results suggest that ST6GAL1 might sustain the stability of ICAM-1 through the catalysis of sialylation and consequently affect the metastasis of CRC. Although not completely understood, the function of sialylation mediated by ST6GAL1 probably involves interference with the structure of the attached glycans or the carrier proteins. Previous studies showed that the addition of sialylation to the terminal N-glycans shielded the galectin recognition sites for binding of β-galactoses, which in turn switched off the galectin functions including adhesion, migration, and apoptosis.[@CIT0010],[@CIT0011],[@CIT0044] In contrast to the inhibitory effect on glycan--galectin binding, sialylation has also been reported to bind specifically to the siglec-2 family of lectins. Since siglec-2 are mainly expressed on immune cells, and the changes in tumor cell sialylation could affect the activity of siglec-expressing immune cells, and consequently modulate the antitumor immune response.[@CIT0045] On the other hand, sialylation have direct effects on the structure/function of specific sialylated glycoproteins. Sialylation has been shown to alter conformation of the β1 integrin,[@CIT0046] clustering of the CD45,[@CIT0047] EGFR[@CIT0042]and PECAM,[@CIT0048] cell surface retention of PECAM,[@CIT0048] and Fas death receptor.[@CIT0049] Taking all these together, we envisioned that the sialylation on ICAM-1 modulated by ST6GAL1 might participate in multiple aspects in ICAM-1-related tumor cell biology such as cell recognition, cell signaling, and lymphocyte activation. Clearly, further research is warranted to explore this hypothesis.

Apart from the ICAM-1 expressed on CRC cells, there exists a soluble form of ICAM-1 in serum, which is also reported to be connected with CRC progression. SICAM-1 is produced by diverse cell types, including endothelial cells, carcinoma cells, keratinocytes, and astrocytes,[@CIT0050] but the mechanism of release and structure of sICAM-1 is poorly understood. A previous study showed that the tumor concentration of sICAM-1 seemed to increase during tumorigenesis, whereas tumor sICAM-1 seemed to be lost and shed into circulation in association with disease progression, especially at an advanced stage.[@CIT0037] The serum level of sICAM-1 had a significant increase in stage III/IV and was involved in cytotoxicity,[@CIT0027],[@CIT0036] and was suggested as a prognostic biomarker for CRC.[@CIT0015],[@CIT0028] However, as a biomarker, sICAM-1 still lacks sensitivity and specificity, which leads to a rather high false positivity regarding inflammation and other diseases.[@CIT0051] Intriguingly, the sialylation level of sICAM-1 showed a dramatic decrease with tumor progression ([Figure 5A](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}), although the protein level revealed an elevation ([Figure 5B](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). Nevertheless, these findings were only preliminary results. The role that sICAM-1 plays in the progression of CRC remains mysterious. Due to the limitation of samples and the lack of large-scale testing methods, whether the sialylation of sICAM-1 could actually be a biomarker needs further exploration.

To conclusion, increasing evidences implies that aberrant sialylation participates in diverse pathological conditions. Here we revealed that sialyltransferase ST6GAL1 could inhibit the metastatic feature of CRC by increasing the stability of ICAM-1 through sialylation. Additionally, it also modulates the metastatic features of CRC through regulating the expression of ICAM by stability.

Conclusion {#S0005}
==========

Increasing evidences implies that aberrant sialylation participates in diverse pathological conditions. Here we revealed that sialyltransferase ST6GAL1 could inhibit the metastatic feature of CRC by increasing the stability of ICAM-1 through sialylation. Additionally, there also existed a novel probability that the sialylation on sICAM-1 could be a favorable biomarker for CRC diagnosis.
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Ethics approval and consent to participate {#S0007}
==========================================

All participants provided written, informed consent and no participants had received any medication prior to sample collection under the guidelines of Ethics Committee of Ruijin Hospital, which approved this study. This study was conducted in accordance with the Declaration of Helsinki. The animal protocols were approved by Institutional Animal Care and Use Committee (IACUC) of Shanghai Jiao Tong University. All experiments were performed in accordance with the official recommendations of the Chinese Zoological Society, and animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals."

Disclosure {#S0008}
==========

The authors report no conflicts of interest in this work.

Supplementary materials {#S0009}
=======================

Figure S1(**A**) Survival analysis of COAD patients with different status of ST6GAL1 from TCGA cohort. (**B**) The intensity ratio (ST6GAL1 OE/mock) of ICAM-1 was shown based on the MS analysis.**Abbreviations:** COAD, colon adenocarcinoma; MS, mass spectrometry; ICAM-1, intercellular adhesion molecule-1.Figure S2The expression of ICAM-1 in CRC tumors at different stages.**Abbreviations:** ICAM-1, intercellular adhesion molecule-1; CRC, colorectal cancer.
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